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ABSTRACT 


The  electrostatic  field  of  the  ataosphere  is  nomally  enhanced  in 
fog  aad  clo^Jtd.  This  field,  even  when  quite  sn^ll,  can  effect  the  cck.bina- 
tioTt  of  colliding  but  othervise  noncoalescing  droplets.  Stronger  fields 
produce  forces  of  sutual  attraction  aaong  tne  droplets.  Preliminary 
results  on  the  degree  to  vhich  electrostatic  foi*ces  act  to  modify  the 
motion  of  cloud  droplets  are  presented,  .'fetnods  for  the  jnsssible  -.odifi- 


cation  of  the  field  are  discussed 
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The  effect  of  tiae  eversge  charge  in  aiodifying  t.:e  ..otion  of  nsigaboriag 
droplets  in  clouds  or  fog  has  been  estlu^ted  i^^tny  tines.  Generally  ti.is 
effect  and,  consefiiently,  that  of  the  field  also  is  concluded  to  be  of 
negligible  significance,  except  possibly  in  ti.understorcis .  Tae  eqtaations 
used  in  these  deductions  have  restricted  validity  for  small  droplet 
separt'.tioa  and  velocity.  Witnin  the  past  several  months,  hovever,  rigorous 
solutions  to  both  tae  electrostatic  and  hydrodynamic  problems  have  become 
available.  A  RAIG)  colleague,  M.  H.  Davis  (i960)  has  obtained  a  complete 
solution  for  the  force  between  two  cloud  droplets  in  s.  uniform  field.  Tae 
other  half  of  the  problem,  that  of  the  hydrodynamic  forces,  is  now  possi¬ 
ble  also.  The  viscous  forces  between  two  cloud  droplets  can  be  derived 
from  a  solution  to  the  two>body  hydrodynamic  problem  given  by  L.  M* 

Hocking  (19^9)  •  Together,  these  results  provide  toe  necessary  cos^nents 
for  an  accurate  evaluation  of  the  role  of  electrostatic  fields  and  charges 
in  tae  collision  and  coalescence  of  cloud  drops. 

II.  EIZCTROSTATIC  FC«CES 

First  let  us  consider  only  electrostatic  forces.  For  most,  purposes, 
water  droplets  with  dielectric  constant  of  81  can  be  considered  as 
conducting  spheres.  Coulomb's  lav  is  not  valid  for  this  problem,  since  the 
distance  separating  two  droplets  is  conparable  with  their  diameter.  As  an 
illustration.  Figure  1  shows  the  forces  on  two  lOnsdcxon  drops  coqputed  accord¬ 
ing  to  Coulomb's  lav  and  computed  from  tae  ca:plete  solution  for  charged 
drops  of  equsl  sise.  The  abscissa  is  iised  to  designate  the  separation  of 
the  near  surfaces  of  the  droplets  in  units  of  droplets  radius.  Alozig  the 
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ordinate  ia  plotted  tne  force  in  dj^nes.  Tne  letter  8  i«  need  to  denote 


tne  separation  of  droplet  surfaces  vnile  B  refers  to  droplet  radius. 

Curve  F,  represents  Coulorab*s  law,  F«  •  — — — -  ^  and  Fo  represents  a 

(S+2R)^  tQg 

fictitious  solution  in  the  form  of  Coulomb’s  law,  Fg  •  * 

S 


^  ^  10  elementary  units.  Ci&rve  F  is  coisg^ted  from  a  complete 
solution  for  the  force  between  two  drq^lets  with  eq^tial  and  <^poslte 
charges  of  tne  magnitude.  This  ciiarge  (lOe)  is  of  the  order  of 
isagziitude  of  charges  observed  on  cloud  droplets. 

All  the  forces  due  to  charges  on  the  droplets  coincide  at  large 
separations. 

is  fictltiofttsly  large  and  represents  soice  sort  of  a  maximum 
possible  theoretical  force  for  charged  droplets.  Coulomb’s  law, 

F  m  — - — ^  ,  becomes  insensitive  to  separation  and  incorrect  at  small 

^  (s+aa)^ 

separations.  ^  true  force,  r,  falls  in  between  and  continues  to  Increase 
exponentially  as  Xlc  separation  decreases.  The  force  of  attractiem  due  to 
a  wee^  field  is  shown  by  the  lower  heavy  lix».  This  force  arising  troa. 
tne  polarisation  of  the  droplete  in  ’'he  field  increases  more  rapidly  with 
decreasing  separation  than  does  that  dt.s  to  weak  charges  on  the  dsropf.  An 
order-of-magnitaa^e  cha'uge  l*i  ambient  field  strengtn  i^oduces  a  eban^ 
of  two  orders  of  ma^situde  in  the  force.  The  same  is  trm  of  the  chaz^ 
on  oppositely  ebaxeed  dre^a.  However,  the  chance  that  two  drops  have  high 
enarges  of  opposite  sign  is  ssall  idiile  sU  drops  vill  be  affected  stmllar- 
ly  by  the  electrosta-Uc  field.  The  dir«>wt  effect  of  charges  on  the  dr-^^ts 
is  of  secondary  Isportance  in  the  following  work  so  ws  will  concentrate 
our  attenti^  on  the  effect  of  the  elactrosta^e  field. 
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m«  HSaORGSaKlC  POBCi£ 

^til  Hodciz^^a  vork  vas  published  last  year,  no  suitable  solution 
wae  available  for  the  notion  of  two  neighboring  cloud  droplets  or  for  the 
relative  forces  between  tiieffi^.  In  the  past,  estiaates  of  the  comhined 
effect  of  electrostatic  charges  and  visccaas  cjotion  had  to  be  node  using 
the  relative  teminal  velocities  of  the  cloud  droplets.  !Bie  relative 
tendnal  vel^ity  was  used  to  ccos’ute  the  tiiae  required  for  freely  falling 
droplets  to  pass  one  another.  Dividing  the  tiiae  of  passage  into  the  radial 
distance  two  drops  aaist  usove  in  order  to  effect  collision  gave  the  radial 

f 

velocity.  ED^d^ing  this  velocity  in  Stokes*  lew  for  the  viscesus  drag 
allowed  swie  to  eatimate  the  electrostatic  i^rce  of  attraction  required 
to  offset  the  viscous  fosree  resisting  the  laotion  of  the  droplets  toward 
each  other. 

Figure  2  shows  the  relative  tra^Jectory  of  a  soallcr  droplet  of  6 
xBicrons  radius  about  a  larger  drqi^et  of  20  isicrons  radius,  coc^ted  frciA 
the  rigorous  solution  to  the  two-body  bydrodynasaic  ^oblea.  !Sie  collision 
efficiency  Is  defli^  as  the  s^iare  of  the  ratio  of  the  critical 
horltostsl-droplet  separation  at  a  largp  vertical  distance  to  the  large- 
droplet  radius.  Site  critical  droplet  aayaiKtic^  is  the  horissontal 

separatloD  at  large  vertical  distances  froa  which  the  two  droplets  will 
evoituBUy^  collide.  The  hydrodyxisuaic  collision  efficiency  for  these  droplets 
is  zero.  One  caxi  see  from  the  diagram  tiiat  only  a  sli^t  aotlon  towards  aas 
another  as  they  pass  the  point  of  adniasn  separation  is  required  to  effect 
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collision.  At  great  distances  considerably  greater  laotioa  does  not  result 
In  coUlslon.  If  sufficient  electrostatic  force  Is  added  tbrou^uut  tbe 
entire  trajectory  for  collision  to  occttr,  the  new  colUslon  efficiency  nay 
be  called  the  electrostatic  collision  efficiency. 

iv.  fi(a€  McroosiATic  comsiOK  smciBiciBs 

At  this  point  in  the  work  of  cooputing  bydrodynesdc  and  electroetstlc 
colliaioc  eificiencies,  it  is  possible  to  give  the  max:' qua  field  required 
to  produce  collision  in  a  few  cases  of  normally  noneollidlng  droplet 
p^rs. 

The  integration  of  the  hydrodynaiaic  e^aatton  describing  the  notion  of 
droplet  pairs  that  incorporates  the  electrostatic  forces  stop-by-etep  is 
not  quite  ready.  In  lieu  of  this,  the  raaxlninm  electrostatic  fields 
required  have  been  obtained  in  a  manner  similar  to  that  previously  describ¬ 
ed  except  that  actual  veloeitiss  and  distances  are  used.  Tbe  time  required 
for  the  center  of  the  small  drop  to  move  froa  a  poaitl.on  opposite  tbe 
bottom  of  the  large  drop  to  a  position  horizontally  opposite  tbe  center  of 
the  large  drop  Is  divided  into  the  mini  mum  droplet  sspsration  giving  tbe 
radial  velocity  with  idiicb  the  small  droplet  must  oave  in  order  to  effect 
a  colUsion.  Tbe  force  required  to  produce  this  velocity  is  obtained  by 
using  this  velocity  in  the  expression  for  tbe  visoous  dng  6f()sTi 
vhere  ^  is  the  viscosity  and  "a"  tbe  droplet  radius.  Tbble  1  lists  some 
of  the  resulting  electrostatle  collision  efficiencies  and  the  maximum  field 
requiz^  iu  each  situation. 
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Mote  that  fields  of  the  order  of  the  atmospheric  fair  veather  aid 
are  aot  sufficient  to  increase  significantly  the  hydrodynamic  collision 
efficiencies^  although  they  may  strongly  affect  coalescence.  Larger 
fields  do  produce  increased  collision  efficiencies.  The  electrostatic 
force  acting  on  the  droplets  is  a  function  of  the  sqitiare  of  the  product  of 
the  field  and  the  radi\as  of  the  droplets.  From  this  relationship  one 
estiniates  that  colUsion  efficiencies  can  be  enhanced  significantly  for 
fields  of  the  order  of  several  tens  of  volts  per  centimeter.  Fields  of 
the  order  of  hundreds  of  volts  per  centimeter  (such  as  exist  in  actively 
precipitating  clouds)  can  be  eiqpected  to  provide  collision  efficiencies  as 
much  as  an  order  of  magnitude  greater  than  the  hydrodynamic  efficiencies. 

It  is  dlffleiilt  to  estimate  the  effect  of  fields  of  the  order  of  1000  volts 
per  centimeter^  since  electrostatic  discharge  vlU  occur  between  droplets 
before  collision  is  effected. 

These  results  demonstrate  that  the  electrostatic  field  in  clouds  is 
of  fundamental  Icportaztce  in  the  colloidal  stability  of  clouds  and  in  the 
Vuuititative  evaluation  of  the  precipitation  mechanism. 

Y.  EMCTROSTATIC  FISLP8  IK  FOO  AHD  CLOUDS 

The  fair-weather  field  over  land  is  of  the  order  of  one  volt  per 
centimeter  decreaeing  logarithmically  upward.  In  fog  or  in  precipitation- 
free  cloudfthe  normal  field  is  usually  leirger,  sometimes  by  an  order  of 
magnitude.  Areeipitating  clouds  contain  very  strong  fields,  of  course. 

The  field  in  noqprecipitating  fog  or  clouds  is  enhanced  because 
atmospheric  conductivity  is  less  within  a  cloud  than  in  cloud-free  air. 

Applying  an  equation  due  to  Gish  (19^)  for  sudden  rhangti  in  conductivity  of  an 
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atmospheric  layer^  one  can  eocpute  the  nev  steadls^-etate  field*  It  can  be 
shown  that  the  field  within  the  cloud  should  eventuaUor  increase  by  the 
same  factor  by  which  the  cloud  c:*use8  the  ambient  cooduetivity  to  decrease. 

Fog  has  been  observed  by  Chum  (19^)  and  others  to  deexease  the  conduetivi'^  by 

i 

5  to  20  tiioes. 


YI.  M06ingATION  OF  THB  BUCraPeiATlC  PHU) 

It  is  natural  fr^  the  above  results  to  think  of  the  possibility  of 
fog  or  cloud  ii^odificati^  by  Increasing  the  electrostatic  field.  As 
suggested  abovoj,  initialSy  the  field  is  enhanced  through  the  difference  in 
condttctivi'ty  oi  t^n  air  in  the  cloud  and  outside.  Because  the  cooductivi'ty 
is  decreased  within  the  cloud,  the  cloud  boundary  is  a  region  of  charge 
accusulation  dim  to  the  sudden  decreased  ionic  mobility  as  ions  try  to 
proceed  through  the  cloud.  The  increased  charge  at  the  boundary  builds  the 
field  within  the  cloud.  Modification  would  sgppear  possible  throuf^  increas¬ 
ing  the  conductivity  in  the  air  above  the  fog  by  the  addition  of  iffOM  in 
so!ae  manner. 

Something  else  may  be  possible  also.  Several  years  ago  X  i^ropoeed  a 
cloud  electrification  hypothesis  involving  cloud  droplets  ^ch  almost 
collide  in  an  electroatatlc  field.  3he  recent  work  suibstsntiates  this 
hypothesis.  If  one  refers  to  Figure  2,  it  will  be  .easier  to  visualise  the 
situation  involved  in  the  foUowing  reasoning.  In  a  vertical  uniform  field 
the  drops  will  be  polsrised  so  that  opposite  charges  appear  on  the  near 
surface  of  the  droplets  as  the  small  drop  f^proaches  the  underneath  side  of 
the  large  drop.  For  drops  idiich  ^ust  miss  colliding,  the  nev  theoretical 
results  now  show  that  a  breakdown  potential  or  a  force  sufficiently  great 


to  shear  off  a  snail  portion  of  one  drop  appears  between  the  closest 
points  on  the  surface.  Either  vay,  the  droplets  exchange  charge  when  tl:ie 
small  dr^  is  underneath  the  large  drop.  Due  to  the  vertical  assymetxy 
of  the  relative  trajectory  snovn  by  Figure  2.,  charge  is  not  transferred 
back  vhen  the  small  drop  moves  around  the  t<qQ  side  of  the  larger  drop. 

I 

When  the  droplets  aeparate^  they  are  charged  in  such  a  way  that  the 
existing  field  is  enhanced  as  their  separation  increases. 

Applying  this  theory  to  the  modification  of  the  field  within  the 
cloud,  it  appears  that  one  should  spray  the  top  of  a  cloud  layer  or  fog 
with  droplets  slightly  larger  than  those  of  the  c3.oud  to  increase  the 
field  within  the  cloud  and  incidentally  provide  charged  droplets  to 
further  enhEuace  the  possibility  of  collision.  Ibe  fields  zaecessary  and  the 
most  suitable  drop  size  undoubtedly  depend  on  the  fog  itself.  Further 
research  is  required  to  determine  these.  Without  practical  evaluations, 
the  probability  of  positive  results  in  fog  modification  is  extremely 
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